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theoretical interest and therefore deserves a more careful study than has so far been given to it. The insufficiency of present data is well illustrated by the exactly opposite positions taken by HOLMES ('04i and CHILD ('06) in recent theoretical papers on form regulation. I~()L,MES assumes a progression of differentiation from the base to the tip as a necessary postulate while CHILD assumes the exact reverse.
The present paper is confined to a study of the order of appearance of the segments in the developing antennule of Mancasell~r macrourus 1) with some notes on its sensory hairs and bulbs. This organ was chosen because its individual segments can be readily distinguished from each other and because the moult succeeding an operation often takes place while the antennnle is still in a comparatively early stage :). Lastly the early stages of ontogenetic development can be readily obtained because the females carry their eggs and young in brood pouches.
In both regeneration and ontogeny it was found that there are two distinct periods of development. The four basal segments are formed during the first period by a process of differentiation which begins at the base and travels irregularly outward.
The remaining segments are formed by the reverse process. The terminal one is the first to be differentiated and the others follow in exact order from the tip inward.
II. Material.
The adult antennule ofMancasellus mac~v~rz~s consists often or eleven segments. Specimens with ten segments are much more numerous than those with eleven. An antennule with ten segments is shown in figure 1 , plate VI. The basal segment (segment 1) is broad and curved and bears several stout spines (si, and three or more so-called taste-hairs (t.h.) . Segment 2 is long and stout. There are I~ I am indebted to l~Iiss MA~Y J. RATHBU:~ of the U. S. National Museum for the determination of the species.
2) In most arthropods that have been studied it is very hard to get the early stages of a regenerating appendage because the first moult succeeding an operation does not take place until the organ is nearly complete. Before the moult takes place the new organ is coiled up inside of the old chitinous shell in such a way as to make an accurate observation of its condition impossible. numerous spines on its sides and usually three or more taste-hairs near its distal end. The remaining segments are more slender than the basal two and constitute what may be termed the flagellum. Segment 3 is comparatively long and bears several spines near its distal end. Segment 4 is short with one or no spines but often with two sensory hairs near its distal end. The latter are not shown in the specimen figured. Segment x6 is longer than segment 4. It is often without hairs or spines though two were present in the specimen figured. Distal to x6 the segments gradually decrease in length as we go toward the tip. This decrease is very evident in figure 1. In some specimens however it is not so evident, segments d and e especially often being nearly equal in size. Segment e carries a sensory bulb accompanied by a spine. The same is true of d and c. Segment b has a sensory bulb usually without a spine as in figure 1, but sometimes with a spine. The terminal segment, a, is short and bears several hairs and spines including one taste-hair and one sensory bulb.
In antennules with eleven segments, figure 2, plate VI, segment x~ is represented by two segments, f and xT. In the specimens examined segments f is slightly shorter than either of its two neighbors. The figure does not include the basal segment, and the spines and sensory hairs or bulbs are not shown.
The relations of the segments shown in figures 1 and 2 are typical of the great majority of ten-and eleven-segmented antennules. The principal variation is in the character of the terminal segment, a, which is sometimes completely and sometimes incompletely divided by a partition running diagonnally to the left from the notch shown in that segment in figure 1.
The adult condition of the antennules is found in individuals with a body length of 12 rams. or over. Antennules in course of regeneration and with less than the full number of segments are however often found in adult individuals. Therefore accidental loss of the organ seems to be common though no quantitative data on this point were collected.
Individuals of less than 12 rams. usually do not have the complete number of segments. At the time the young leave the brood pouch they are two to three millimeters in body length and have six segments in their antennules as shown in figure 10 , plate VI. The number of segments is then gradually increased up to ten or eleven as the animal matures.
III. The direction of differentiation in ontogeny.

I. Method.
Eggs and young were found in abundance from January to April1). They were killed in 850/' 0 alcohol and the various stages obtained were taken to represent the stages of ontogenetie development in a single individual. Antennules with six segments or less were found in young taken from the brood-pouches of the females. Those with six segments or more were found in free individuals.
2, Data.
The stages of development, both ontogenetic and regeneratory, are shown diagramatieally in diagram A, plate XII. They are numbered in order from I to XIV. In the data given under both ontogeny and regeneration the stages are numbered in agreement with those of diagram A.
A. First Period.
Stage I ( fig. 3 , plate VI). The antennule is at first a mere outgrowth of the body wall with no segmentation. The embryo at this time is still inclosed in the egg capsule and the antennule is therefore closely pressed against the body. Apart from a slight wrinkling of its surface there is no trace of segmentation.
Stages II and III (figs. 4 and 5, plate VI) . No stage with only one segmental wall was obtained. In stages II and III there are already two segmental walls dividing the appendage into three segments. Later development shows that the two basal segments are equivalent to the two basal ones (1 and 2) of the adult antennule. Within the distal or third segment all the future segmental partitions appear and for this reason it has been labeled by the indeterminate letter y in the figure. The embryo at this time has left the egg capsule but remains inactive.
Stage IV ( fig. 6 , plate VI) :). In the fourth stage four segments are present. The new partition has appeared in segment y of the preceding l~ No attempt to collect embryos was made during the other months. Several females collected on Sept. 25 had brood-pouchs filled with young and it is therefore probable that embryonic material may be found throughout the year.
2 A reference to the explanation of figures shows a marked difference in the body lengths of the embryos not always corresponding to a difference in development. This is due to the fact that individual mothers vary greatly in the size of their eggs and resultant embryos.
Archiv f. Entwicklungsmechamk. XXIII. 22 stage and forms the wall between 4 and x, in the adult organ. The segments now present are thus the two basal ones (1 and 2), an intermediate one representing 3 and 4 of the adult and a terminal one representing all the distal segments. The last is labeled x, in the figure. Judging by its length the intermediate segment (=3-l-4) is nearly ready to divide. As only one specimen with three partitions was found it seems probable that this stage is of short duration and that the fourth partition appears very soon after the third. Stage V ( fig. 7 , plate VI). The fifth stage has added the fourth partition giving the antennule five segments. The four basal ones are the equivalents of the four adult segments 1, 2, 3, and 4, and the terminal segment xl gives rise to all the remaining segments. The spines and sensory hairs and bulbs are as yet undeveloped.
This stage marks the end of the first period of development. So far differentiation has taken place in the basal portion of the appendage and the free end has remained undifferentiated. Moreover the general progress of this differentiation has been from the base toward the tip, as, of the four differentiated segments, the two basal ones were separated off before the two more terminal ones. The details of this progression are however not regular since the partition between 4 and x appears before the one between 3 and 4. It may be that this irregularity is a premonition of the succeeding period, the influences of that period being already at work.
The farther formation of segments takes place within segment xl and travels from the tip inward so that the undifferentiated region remains at the base while the differentiated one is at the tip.
During the early part of the first period the embryo is comparatively inactive within the brood pouch of the mother. During the latter part it begins to move about and at the end becomes active though it does not leave the brood ~ pouch until the end of the sixth, the seventh, or the beginning of the eighth stage when the antennule has six or seven segments.
B. Second Period.
Stage VI (figs. 8 and 9, plate VI). A partition has divided xl into two parts. The terminal one of these does not divide again and gives rise to the terminal segment, a, of the adult. The basal part, .% gives rise to the remaining segments. Segment x2 is at first short and broad ( fig. 8) fig. 19 ) x5 is elongated. Stage XIV with ten segments as found in most adults and already described on p. 325 ( fig. 1 ) is formed by the division of segment x5 into e and x~. Likewise the exceptional eleven-segmented antennule is formed by the division of x6 into b and x7 ( fig. 2 and p. 326) .
Conclusions.
There are two distinct periods in the ontogeny of the antennule. During the first the progress of differentiation is from the base toward the tip. During the second it is from the tip toward the base. At the end of the first period five segments have been formed. The four basal ones of these develop into the four basal segments of the adult without further subdivision. The fifth and terminal segment represents the undifferentiated region of the antennule and gives rise during the second period to the remaining segments. It is interesting to note that during the first period the embryo is essentially inactive.
During the second period the remaining segments are formed by a subdivision of the terminal one. This subdivision takes place in such a way as to leave the undifferentiated segment always at the 22* base and the differentiated region at the tip. The progress of differentiation is thus from the tip toward the base or the exact reverse of that during the first period. The first segment to be formed is the terminal one, then the penultimate one and so on until the adult number is complete. It is interesting to note that from the beginning of the second period the young animal is essentially active.
IV. The direction of differentiation in regeneration.
I. l~ethod.
The removal of the antennule w/~s accomplished by means of a scalpel or a fine pair of scissors. The scalpel was found to be the more satisfactory. The removed portion of the antennnle was preserved in alcohol for future comparison. The operated animals were put into individual bottles and fed on water-soaked leaves.
In the majority of the cases the cut came through segment 2 but cuts were also made at various other levels in order to test the influence of the region of the cut upon the direction of regeneration.
After an operation the cut is soon closed by a clot. The cells in the neighborhood of the clot apparently pass through a process of redifferentiation which extends to a considerable distance from the cut surface and is accompanied by a loss of pigment. Active proliferation soon appears in the redifferentiated mass and a rod of tissue is formed representing the beginning of the new antennule. The latter attains a considerable length before there is any sign of segmentation. If a moult does not come until five or more days after the operation the rod becomes too long for its chitinous box and begins to coil up. At the same time segmentation usually appears. If the moult does not come for ten or more days the antennule is very much coiled and as many as eight or nine segments may be present when it uncoils at the moult.
The character of the segmentation in the new organ can not be made out before the first moult and it is therefore necessary to depend upon the variety in relation between the operation and the time of the first moult in order to obtain the stages. By operating on a large number of individuals most of the desired stages were obtained. From these stages the progress of the individual regeneration is reconstructed.
Data.
The data on the direction of differentiation during regeneration are based on 96 operations made in six series as follows: 1} 10 From these 96 cases a sufficient variety of stages was obtained to show that the progress of regeneratory development is very similar to the ontogeuetie development. Typical stages are described and figured. Diagram A, plate XII, gives the stages for both regeneration and ontogeny. In the following descriptions, as under ontogeny, the stages are given the same numbers as in diagram A.
Stage I ( fig. 20 , plate VII). The antennule had been cut off near the distal end of the second segment five days before the drawing was made. The terminal clot and the clear area in which redifferentiation had taken place are shown. ~o moult has occurred so that the whole antennule, new as well as old tissue, is surrounded by the old chitinous envelope.
Stage IV ( fig. 21 , plate VII). The antennule had been cut offthrough the distal part of segment 2 and two new segments are regenerated. The whole antennule, regenerated and old segments combined, corresponds closely with stage IV of the ontogeny. The more proximal of the two distal segments is equal to segments 3 and 4 of the adult and the terminal one gives rise to all the distal segments.
~o stages with five segments were obtained so that the transition from the first to the second period was not made out as clearly here as in tile ontogeny. The comparative distinctness of the partition walls in stage IV of the regeneration and the lengths of segments 3 ~-4 and Xl shows sufficiently well that in regeneration as in ontogeny there is a first period of outwardly directed differentiation.
B. Second Period. Stages VI and VII (figs. 227 22b7 23, 24 and 25~ plateVII). Stages VI and VII have six segments. Three different ages are illustrated by three figures. Figure 22 gives a regenerating antennule developing after a cut through the second segment. Segments 1, 2, 3, 4 and a are equivalent to the corresponding segments of the complete organ. x2 is slightly elongated and gives rise to the remaining segments. In figure 23 segment x: is very much elongated. The cut came through segment 4. A still later condition is given in figure 24 . The cut came through the base of segment 2. Segment x~ shows the beginning of a division into two parts the more distal of which will be segment b of the complete organ and the more proximal x3 which later divides into e, d, e and x6.
Stages VIII and IX (figs. 26 to 457 plates VIII and IX). The majority of the regenerating antennules had seven segments at the end of the first moult. In all of these segment x2 has completed its division into b and xa. Segment xa varies in length in different cases. In some of them it is nearly ready for the succeeding division. Several cases are figured in order to show the differences in the length of x3 and in the character of the regeneration from different levels. In figure 35 a groove in x3 indicates the region of the next partition.
Stages X and XI (figs. 46 to 577 plates IX and X). Stages X and XI have eight segments, the two new ones c and x4 being formed by the division of xa. Here again several cases are figured to show different regeneration levels and different lengths of x4.
Among these antennules a single one shows an abnormal condition ( fig. 55 ). Only one segment is present in place of the usual segments 3 and 4. Whether this segment would have remained permanently undivided or would have divided later it is impossible to say. ~o similar case was found in any other stage.
Stages XII and XIII (figs. 58 to 717 plates X and XI). In stages XII and XIII x4 has divided into d and x~ and nine segments are thus present. Several cases are figured.
Stage XIV (figs. 72 and 73, plate XI). The adult condition with ten segments is reached in stage XIV by a division of x5 into e and :% 3. Conclusions.
A. General Statement.
It is evident that throughout regeneration the course of differentiation is the same as in ontogeny though the data for the early stages of the former are not as complete as those for the latter. There are two periods. During the first of these the four basal segments of the complete organ and an undifferentiated terminal segment are formed. Thus progress of differentiation is from the base toward the tip though the same irregularity is present as in the ontogeny. The partitions between 2 and 3 and between 4 and .*' ,~ are formed before the partition between 3 and 4. The stages illustrating the second period are very full and clear. It is evident that segments a, b~ c, d, e and x~ of the complete organ are formed by a progression of differentiation from the tip toward the base. The undifferentiated region during this period thus occupies the middle of the whole antennule or the basal portion of the part which is differentiated during this time.
B. The differentiation of spines, sensory bulbs and taste hairs.
While the present study is confined for the most part to the order of appearance of the segments some observations were also made on the spines, sensory bulbs and taste-hairs. In general it was found that the direction of differentiation is the same. They usually appear a little later than the segments upon which they are located.
The formation of these organs on the four basal segments was not satisfactorily made out. In the ontogeny the order of appearance is not at all clear. They seem to come at once on all four of these segments during the six segment stage. In regeneration however there is a very evident indication of progression from the base outward resembling the corresponding progression in the segments.
In the remaining segments (a to x6) the order of formation of the spines, etc. is clear in both ontogeny and regeneration. It follows very closely the order of the segments, the first spines, hairs and bulbs appearing in the terminal segment, the next ones in the penultimate segment and so on in a proximal direction.
The figures were made with special reference to the segments themselves and give the spines in some of the cases only. The regeneration stages are more completely given than those of the ontogeny.
C. The relation of the region of the cut to the direction of differentiation.
A study of antennules cut at various levels shows that the direction of differentiation is always characteristic of a certain region of the antennule and not of a certain stage of regeneration. Thus ifa cut is made at the base of an antennule the progression of differentiation is from the base outward until four segments are formed and then from the tip inward until the remaining ones are completed. In an antennule which has been cut off through segment x6 we might correspondingly expect a period of outwardly directed differentiation before the inwardly directed one begins. This is however not true. The differentiation in this case is inwardly directed from the start. As a result all incompletely regenerated antennules no matter at what level they have been cut come under the same general scheme and their stages thus all correspond with those of diagram A.
This fact is undoubtedly of importance in an understanding of the influences at work on the early regenerating bud. It excludes certain conclusions that might have been drawn from the nature of the regeneration following a cut near the base. The outwardly directed nature of the early differentiation in this last case might have been ascribed to the fact that the tissues are comparatively young and therefore more completely under the dominance of the old tissues which are giving rise to them. Later on they break away from this dominance and come under the sway of external factors. Such an interpretation it is readily seen does not agree with the fact that in cuts through x6 and distal to xs there is no trace of a period of outwardly directed differentiation.
V. Discussion.
Three possibilities may be considered in discussing the direction of differentiation in a developing appendage. All the parts may appear at once, the progression may be outwardly directed or it may be inwardly directed. The first consideration must be neglected because at present there is a complete lack of evidence in its favor. The other two views have been held by various writers but usually in connection with the defense of a general theory of development involving the acceptance of one and the complete repudiation of the other. The data obtained in connection with the study of the developing antennule of zkra~waselhts show very plainly that both processes may be at work within the development of a single appendage. One mode of differentiation predominates in the early stages and the other one during the later stages.
The general arguments in favor of an outwardly directed differentiation were first stated by PFLb~GER ('77). AS applied to a regenerating appendage they involve the idea of a controlling influence exerted by the old tissues upon the new. The undifferentiated cells lying next to the old tissue develop into the part which in the completed organ lies next to the old tissue. This, when differentiated, in turn acts on the part next to it and so on out to the tip. The basal region of the new organ is thus the first to be completed, then the next outlying part and so on to the tip. As applied to embryonic development the main body of the embryo is supposed to act in a similar way upon the developing appendage. HOLMES ('04) has elaborated the details of this theory and is so well convinced of its general application that lie states his belief that all apparent inwardly directed cases of differentiation could if it were possible to apply a closer analysis be recognized as initiated by an outwardly directed stimulus.
Several objections have been raised to the general application of this theory. One of the most formidable is the incomplete regeneration of insect tarsi and the incomplete anterior regeneration in several worms. In the tarsi the missing segments are not the terminal ones but the ones lying next to the old tissue. The mode of action necessitated by the theory could not have occurred. Likewise in the cases of incomplete anterior regeneration in worms the missing segments do not seem to be the most anterior ones. The second period of the antennule development as described in the present paper is evidently opposed to the universal application of the theory of outwardly directed differentiation.
The view that differentiation begins at the tip and proceeds inwardly is the one favored among others by MORGAN ('01), DRIESCH ('01, '05) and CHILD ('06). According to the general statement of this theory as made by CaILD differentiation is initiated by the the interaction between the new tissue and the environment. The tip being the part whueh comes into most intimate relation with the surrounding medium is the first part to become differentiated. Then the part next to it responds to the stimulus and so on toward the base. CHILD has recently ('06) expressed the opinion that differentiation must in every case proceed from the tip toward the base and in no other way. The first period of development of the antennule of Z~Iancasellus seems to constitute a sufficient answer to this contention.
As stated above the data regarding" the direction of differentiation and especially those on the antennule of Maneaselhts point to the conclusion that two processes are at work in a developing appendage. An elaboration of the mode of action of these two processes within a developing organ would be premature at present. However a hypothetical picture of it will be of value in bringing out the possible significance of the coincidence of the change from the outwardly to the inwardly directed differentiation and the change from the inactive to the active embryo. An undifferentiated (?) mass of new material representing the future appendage may serve as starting point. On the one hand the materials of the body of the animal, the old tissues in the case of regenerating appendages are acting upon the new materials and tending to mould them into the adult form. Such an action gives an outwardly directed differentiation. On the other hand there is an interaction between the new tissues and the environment tending to produce a differentiation which appears first at the tip and then gradually proceeds toward the base. The relative importance of the two processes may differ in different animals and in different parts of a single animal or even at different periods of the development of a single part, as in the antennule of Mancrlsell~s. If we accept this view of two oppositely directed processes in the development of the antennule it is interesting to recall that the predominance of the distally directed one coincides in tlle ontogenetic development with the inactive stage of the embryo while the proximally directed one coincides with the active stage. This is naturally to be expected if the view as given above regarding the causes of the opposing directions of differentiation is accepted. During the early inactive stage the outwardly directed differentiation should predominate while during the later active stage the inwardly directed one should gain the ascendency.
It is difficult however to apply this statement to the regenerating antennule because in most cases it remains coiled up within the chitinous envelope until the moult releases it. It is then in the majority of cases near the end of the second period of differentiation.
Vl. Summary.
A study was made of the direction of differentiation in the developing antennule of the isopod MancaseUus macrour~s. It included both ontogenetic and regeneratory development but was confined for the most part to the order of appearance of the segments and of the sensory hairs and bulbs.
It was found that the development in ontogeny and regeneration is similar and can be divided into two periods. The four basal segments appear during the first period and the remaining six or seven during the second. The direction of differentiation is exactly opposite in the two periods. In the first, segmentation appears at the base and in general travels outward though there is an irregularity in the time of appearance of one of the segmental walls. In the second, differentiation appears at the tip and segmental walls and sensory hairs and bulbs appear in exact order from the tip inward until the antennule is completed. In ontogeny the first period is further to be distinguished from the second by the inactivity of the embryo in the former.
The data obtained in the present study taken in conjunction with former data make it highly probable that considerable variation in the relative importance of the two factors controlling differentiation will be found in different animals and in different organs of the same animal. In some the inwardly directed and in others the outwardly directed progression of differentiation may be expected to predomir~ate. Furthermore as in the case of the antennule of ~Ian-casdlus one factor may predominate during the earlier stages of development and the other during the later stages.
Zusammenfassung,
Es wurde eine Untersuchung tiber die Differenzierungsrichtung wiihrend der Antennula-Entwicklung bet dem Isopoden Maneasellus maerourus angestellt. Sie umfaBte sowohl ontogenetische als regenerative Entwicklung, beschr~inkte sich abet gr(iBtenteils auf die Feststellung der Reihenfolge beim Erscheinen der Segmente und der Sinneshaare und Kolben.
Es fund sich, dab die ontogenetische und die regenerative Entwicklung iihnlich sind und sich in zwei Perioden teilen lassen. Die vier basalen Segmente erscheinen in der ersten Periode und die iibrigen sechs oder sieben w'~h-rend der zweiten. Die Richtung der Differenzierung ist in den beiden Perioden genau entgegengesetzt. In der ersten tritt die Segmentierung an der Basis auf und rUckt im allgemeinen centrifugal vor, obgleich dabei eine Unregelm~il3igkeit in der Erscheinungszeit der einen Segmentationswand vorhanden ist. In der zweiten tritt die Differenzierung an der Spitze anf und Segmentierungsw:~inde, Sinneshaare und Kolben erscheinen in exakter Reihenfolge yon der Spitze centripetal, bis die Antennula fertig ist. Bet der ontogenetischen Entwicklung ist au6erdem die erste Periode durch die Inaktivit~it des Embryo von der zweiten zu unterscheiden.
Die Ergebnisse vorliegender Arbeit, zusammengenommen mit friiheren, macllen es hiichst wahrscheinlich, dab erhebliche Schwankungen der relativen Wichtigkeit der zwei die Differenzierung kontrollierenden Faktoren bet ver- 
Explanation of figures,
Plate Vl. fig. 1 .
The eleven-segmented antennule found in some adults is shown in fig. 2 . Fig. 53 . Right antennule. Cut off through segment 2. Eleven days after the operation. Fig. 54 . Cut off part of antennule whose regeneration is shown in fig. 53 (>< 73) . Fig. 55 . Regenerating left antennule :>< 73). Cut off between segments 2 and 3.
23 days after operation. An abnormal case, the only one found. Between segments 2 and x4 there is only one segment to take the place of segments 3 and 4. Whether this segment would have divided in later development or remained permanently as one it is impossible to say. During stages V to XIV the remaining segments (x~ to a) are formed by a differentiation which starts at the tip and travels toward the base. During the latter period the undifferentiated region is therefore represented by the x segments ~xl to x6).
Archly f. Entwicklungsmechanik. XXlII.
